Abstract: The subject of this publication is a mathematical model of a pneumatic
Introduction
Currently, UAV users operating within the Polish airspace are not formally obliged to have emergency systems. This situation is not beneficial in terms of the operational safety of these objects. Air incidents involving multi-propellers can lead to the loss of health or life, as well as significant property damage. An air incident involving an unmanned multi-propeller can be caused mainly by an operator error or technical malfunction of the object. Amendment of the aviation law greatly improved the situation in the scope of UAV operational safety, introducing the need to hold an operator qualification certificate in the event of commercial activity. Aviation law did not impose the obligation to have a passive safety system in the event of emergency states or loss of control over an UAV. For example, the French Civil Aviation Authority -CAA, in 2017 issued a regulation on the safe operation of unmanned aerial vehicles for professionals "AÉRONEFS CIRCULANT SANS PERSONNE A BORD: ACTIVITÉS PARTICULIÈRES".
The regulation stipulated that each UAV with a weight exceeding 2kg must have an emergency landing parachute system, together with a ground collision warning acoustic system, using a continuous or intermittent sound. An UAV parachute system should limit the energy of impact into another object or person, to a value not exceeding 69 J. In the era of mass use of UAVs near large human population centre, numerous governmental institutions prohibit flying these objects directly above humans. As a result, many companies develop emergency landing systems using a parachute. The UAV emergency systems include different types of devices triggering an accumulator with a parachute depending on the energy type.
The UAV emergency systems include an ejection system for an accumulator with a parachute, via a pyro-cartridge by Galaxy ( fig. 1 a) , MARS 58 Recovery parachute system for BSP with a weight of approx. 3÷4 kg, which is reusable and operates on the principle of ejecting a parachute accumulator via energy stored in a spring ( fig. 1b) , "Peregrine UAV" emergency-parachute system by Fruity Chutes, using a CO 2 canister (fig. 1c) . 
Emergency parachute system
AFIT attempted to develop its own technology in the field of components for constructing a high-quality emergency parachute system. The conducted analyses showed that using such a system in a UAV is justified, owing to safety and economic reasons. The absence of a parachute system may also negatively impact the possibility for a comprehensive training for UAV operators, as well as when conducting UAV operations in close vicinity of a human-contact area. It proved to be a challenge to develop an emergency parachute system for unmanned aircraft with a weight of 5÷20 kg. The system operation concept, which was presented on a block diagram ( fig. 2.) was developed in the beginning. The main concept of an emergency parachute system involves ejecting a parachute through the use of compressed carbon dioxide -CO2, gathered in the accumulator. The triggering mechanism is an electrical servo-mechanism, which, through a system changing a rotational movement onto a linear movement, causing the striker to put pressure on the valve in the accumulator. As a result of the decompression of gas gathered in the accumulator, the compressed gas energy in the barrel is converted into the parachute ejection mechanical energy. The main requirement for a supply system is for it to ensure the appropriate parachute ejection energy level, which is strictly associated with the time for a complete opening of the canopy. Whereas the value of complete canopy opening time determines the minimum safe use ceiling for the emergency system. As a result, it is important to determine the energy accumulated in the accumulator and define the parachute effective ejection energy [1, 2, 3, 4] .
Power model of a parachute system accumulator
The discussed concept of a pneumatic supply system for the emergency parachute unit utilises a commercial compressed CO2 accumulator, in the form of a gas launcher (model TAIGLR -0003) by TAG Innovation ( fig. 3 ).
a)
b) In pneumatic devices, the energy and control signals are displaced through the use of the compressed gas. Compressed, liquefied carbon dioxide is used particularly often in drives and controls, as an agent not harmful to the environment [2, 3, 4] . The design and principle of operation of a gas ejector was presented on cross-sections of a model developed in the SolidWorks software ( fig. 4) . Sudden release of the agent compressed in the accumulator in the form of carbon dioxide is possible after the sleeve is pressed in by the striker, with its movement and pressure executed through an electric servo-mechanism. The sleeve, through a striker mechanism, is pressed into the casing (fig. 4) . After the sleeve is displaced, the balls blocking the piston arranged along the perimeter, move to the inside, releasing the piston. The upper ring of the piston is impacted by a pressurized agent from the accumulator. The pressurized agent presses the piston to the inside, resulting in the depressurization of the accumulator and filling of the space under the parachute in the barrel of the device. The energy of a decompressing gas from the accumulator triggers the ejection of the parachute from the barrel of the device.
A system of equations enabling to determine the gaseous and liquefied CO2 volume in the accumulator was developed, in order to determine the energy of gas in the tank of the accumulator. In this case, the perfect gas state equation (Clapeyron equation) was used [1, 4] :
Next, the equation of gaseous and liquefied CO2 mass balance is as follows:
A system of equations was developed using the equations above:
As a result of the transformations, the following equation system was obtained, in the following form:
where:
p -pressure of liquefied CO2 -adopted 737500 ].
The energy of CO2 gathered in the accumulator tank was determined from the relationship:
where: m -is the total mass of gaseous and liquefied CO2, accumulated in the accumulator tank
Experimental determination of accumulator energy
Experimental tests were conducted in order to determine the energy of gas accumulated in the accumulator tank. The tests involved weighing the accumulator after filling with liquefied CO2 from a special cartridge and firings with equivalent mass (equivalent of parachute weight), together with recording the movement track for the equivalent mass and the determination of the initial velocity. The first stage involved weighing the gas accumulator after filling with liquefied CO2 from the cartridge. The weighing covered all elements, including accumulator, cartridge and implicant ( fig. 5) .
The conducted weighing measurement series for the case of filling the accumulator from one cartridge provided results, which are shown in table 1. Based on the weighing results and relationships (4), the gaseous and liquefied CO2 mass in the accumulator and cartridge were determined for each measurement and CO2 volume in gaseous and liquefied state in the accumulator and cartridge. The results of the calculations are shown in table 2. A change of gaseous and liquefied CO2 volume in the cartridge during subsequent fillings is shown in fig. 6 . The equivalent mass ejection energy was determined based on the equivalent mass firing test (parachute weight equivalent). In order to conduct the tests, a test stand for determining the equivalent mass ejection speed, together with recording the movement parameters was constructed ( fig. 9) .
Based on the equivalent mass ejections, the kinetic energy for each of the firings was determined using the relationship:
where: m -parachute equivalent mass [kg], v -concentrated mass velocity on the ejector output [m/s].
The conducted ejections were used to determine the equivalent mass ejection velocity, and the kinetic energy was determined based on relationship (6). Relationship (5) was used to determine the energy of gas accumulated in the accumulator. Energy calculation results are listed in table 3. The change of the equivalent mass ejection energy and the energy of CO2 accumulated in the accumulator are shown in fig. 10 , with the plotted change of the liquid phase mass of CO2 accumulated in the accumulator for each filling. It made it possible to observe the direct correlation between the ejection energy and the energy accumulated in the accumulator, and the association of the mass of CO2 in the accumulator. The dependence of the liquid phase mass relative to the total CO2 mass in the accumulator, as a subsequent filling function is shown in fig. 11 . It should be noted that the available parachute ejection energy is 110 J. This is a starting point for further discussions and modelling regarding the processes associated with tensioning of parachute lines and spreading of its canopy. 
Conclusions
Based on the review of global solutions in the field of parachute emergency landing systems designed for unmanned multi-propellers, it was concluded that it was worth to commence work aimed at decreasing the safe use of ceiling in emergency situations. High-power supply systems should be used in order to achieve this. Systems utilizing pyrotechnics seem unrivalled in this case, while their use within the structure, their distribution and various legal regulations in the countries of potential customers limit their application. By using the energy of compressed CO2, it is possible to achieve enough energy to eject an emergency parachute -in the case of the studied technical solution concept, the obtained value was 110 J. There are currently ongoing studies at AFIT on a high-quality emergency parachute system, which will constitute a beneficial combination of high parachute ejection energy and a minor weight of the entire system. Moreover, the system, which is currently under development at AFIT, will exhibit a relatively high ability to restore the full fitness after being used in an emergency situation. The developed mathematical model enabled to determine the energy of the gas in the accumulator tank and the mass and volume of liquefied and gaseous CO2 in the accumulator with satisfactory accuracy. The conducted tests confirmed the correctness of the developed mathematical model. The relation between the energy of gas accumulated in the accumulator and the kinetic energy of ejected equivalent mass was determined based on the achieved characteristics. Functional relations referred to herein are confirmed by characteristics obtained during the tests of the model and experimental studies.
